Introduction lease from presynaptic excitatory neurons. It likely arises from inhibitory activity impinging directly on the Directionally selective (DS) ganglion cells in the retina presynaptic cells, but only in the null direction. The spaperform a computation that has intrigued neurosciential arrangement of this presynaptic suppressive signal tists for over four decades (for a review, see Taylor and is therefore similar to that of the direct (postsynaptic) Vaney, 2003) . DS cells respond with robust spiking to inhibitory input to DS cells. movement in their "preferred" direction, but with little or
The mechanism by which the inhibitory inputs beno spiking to movement in the opposite "null" direction come directional is not known.
Euler et al. (2002) (Figure 1, top row). Barlow and colleagues (Barlow and
showed that the distal regions of starburst cell proHill, 1963; Barlow and Levick, 1965) first characterized cesses exhibit a stronger calcium signal when a stimuthese cells and proposed a scheme in which a spatially lus moves in the direction from their cell body to their offset inhibitory signal vetoes the excitatory signal for distal processes. This finding, coupled with the specific movement in the null direction. In their scheme, a lateral connectivity between starburst processes and DS cells, interneuron carries an inhibitory signal in the null but in which only processes pointing in the null direction not the preferred direction, while the excitatory signal inhibit a DS cell (Fried et al., 2002) , could be the basis acts locally. Therefore, inhibition arrives prior to, and for stronger inhibitory input to DS cells during null can interact with, excitation for movement in the null movement. What underlies the directional preference of direction, but inhibition lags behind excitation for movethe starburst cell processes? Some studies suggest ment in the preferred direction. Subsequent studies that it arises from intrinsic biophysical properties within (Caldwell et al., 1978; Wyatt and Daw, 1976) showed the starburst cell (Barlow, 1996; Tukker et al., 2004) , that directional selectivity is lost in the presence of anwhile others propose that it arises from specific artagonists of the inhibitory transmitter γ-aminobutyric rangements of excitatory and/or inhibitory inputs acid (GABA), supporting the idea that inhibitory signals (Borg-Graham and Grzywacz, 1992) or from a gradient play a key role in the computation of directional selecof the chloride reversal potential along the starburst tivity. However, neither the sites of interaction nor the process (Gavrikov et al., 2003 projected to act at a distance, are therefore a common motif in the DS circuit, underlying the suppression of excitatory inputs and the suppression of inhibitory inputs as well as the direct inhibitory input currents to DS cells. We also show that the inhibitory inputs to DS cells lose their directional properties in the presence of curare. This suggests that the excitatory neurotransmitter acetylcholine shapes the responses of DS cells not only by its direct excitatory activity, but also by modulating the inhibitory input. We found that many excitatory acetylcholine pathways are held inactive by a GABA-medi- , 1993) . In the presence of the metabotropic glutamate tional in two ways: the excitatory currents could be reduced for movement in the null direction, or they could agonist L-AP4, which blocks the activity of the ON system, the OFF responses in the DS cell remain direcbe enhanced for movement in the preferred direction. Similarly, the inhibitory currents could be reduced for tional (Kittila and Massey, 1995) , suggesting that the DS computation is performed independently in the OFF movement in the preferred direction, or they could be enhanced for movement in the null direction. Measuresystem, and it is likely that the ON system also operates independently. It is not known, however, whether the ments of the synaptic currents elicited by a moving bar (Figure 1 ) do not allow us to distinguish between these underlying mechanisms and circuitry in the ON and OFF systems are similar. two possibilities. To study the mechanism that shapes the synaptic inThe excitatory input to DS cells is thought to be mediated by at least two neurotransmitters, glutamate and put currents to the DS cell, we used a simulated-motion paradigm (Figure 2 ). In this paradigm, two stationary acetylcholine, because in the presence of curare, a blocker of nicotinic acetylcholine receptors, spiking restimulus bars (100 × 300 m) were arranged along the preferred null axis of the DS cell and flashed in sesponses for both ON and OFF were reduced by about half (Kittila and Massey, 1997). In the retina, acetylchoquence to simulate movement in either the preferred or null direction. We centered the pair of stimulus bars in line is released only by starburst cells (Famiglietti, 1983; Tauchi and Masland, 1984; Vaney, 1984) , which have the receptive field of the DS cell. Previous studies have shown that the excitatory receptive field is coextensive large dendritic trees and would therefore be expected to expand the receptive field of DS cells beyond the with the dendritic field of the DS cell, i.e., excitatory input to a DS cell is generated when bars are flashed extent of the DS dendrites. However, the measured receptive fields of both excitatory input and spiking in the over the dendritic field of the DS cell, but not beyond example of how the receptive field is mapped). Inhibitory input is elicited in response to flashes over a region 1992; Yang and Masland, 1994) . The lack of a broader receptive field suggests that the cholinergic input from comparable in size to the excitatory receptive field, but shifted to the null side of the DS cell (inhibitory recepstarburst cells to DS cells is itself modulated by some unknown mechanism. tive field, Figure 2A ; Fried et al., 2002) . Because the excitatory and inhibitory receptive fields are not coexIn this paper, we show that the inhibitory input, like the excitatory input, is made directional at least in part tensive, the stimulus bars were shifted to different positions during our excitatory and inhibitory measurethrough a spatially offset inhibitory signal. This signal acts only in the preferred direction to suppress the inments. The two adjacent bars in the center of the with the directionality of the excitatory and inhibitory currents elicited by a moving bar (Figure 1) . The simulated-motion paradigm allowed us to determine whether directionality was due to enhancement or suppression. We compared the currents elicited by simulated motion (solid black traces in Figures 2C and  2E ) to the sum of the currents elicited individually by the two bars (dotted gray traces in Figures 2C and 2E) . We found that the excitatory currents elicited by simulated preferred-direction movement were not different from the sum of the two individual flashes ( Figure 2E , left, simulated preferred movement: 112% ± 33% [mean ± SD] of sum of individual flashes [comparing peak values, see Experimental Procedures], n = 10 cells, p = 0.23, one-sample t test), while for simulated null-direction movement, the excitatory response was smaller than the sum of the individual flashes ( Figure  2E , black arrow, simulated null movement: 43% ± 16% of sum of individual flashes, n = 10 cells, p < 0.0001). Thus, the excitatory currents are reduced during nulldirection movement and not enhanced during preferred-direction movement. In seven out of the ten cells, the response to the second bar was reduced by more than 90% (data not shown).
The analogous analysis for inhibitory currents showed that the response to the second bar was reduced during simulated preferred-direction movement ( Figure 2C , black arrow, simulated preferred movement: 56% ± We did not closely investigate the spatial extent over which the suppressive signals act. We noticed, however, that the suppressive effect declined when the stimulus bars were separated by more than 200-250 m. For example, the suppressive effect seen in Figure  3D (200 m separation) is smaller than the one in Figure  3B . We isolated the glutamatergic component of the excitatory input by applying curare, of the second bar. Therefore, the reductions of input currents to the DS cell are likely mediated by inhibitory an antagonist at nicotinic acetylcholine receptors. Curare reduced the excitatory input in response to the signals from a separate class of interneurons that act on presynaptic cells to reduce their release of transmittrailing edge of a moving bar (OFF response), but had a surprisingly small effect on the leading edge (ON) reter. We will refer to this inhibitory effect as "suppression" to distinguish it from the inhibitory input currents sponse ( Figure 4A ; reduction: 6% ± 13% in the ON responses, 44% ± 15% in the OFF responses, n = 9.) This that we can directly measure at the DS cell.
The suppressions of both the excitatory and inhibisuggests that the OFF but not the ON dendrites of the DS cell receive direct cholinergic excitatory input. The tory inputs are asymmetric: each is suppressed in a single direction only ( Figures 2C and 2E ). This directional excitatory input that persists in the presence of curare, presumably glutamatergic, remained directional, both suppression is therefore distinct from the classical symmetrical center-surround inhibition of the outer retin response to movement of a bar ( Figure 4A ; n = 9, directional indices: DI Control = 0.38 ± 0.19, DI Curare = ina and must therefore be mediated by inner retinal neurons, presumably amacrine cells. These amacrine 0.39 ± 0.24, p = 0.94) as well as to simulated movement ( Figure 4B , n = 4). This suggests that the isolated glutacells would receive inputs at a site lateral to the DS cell's dendritic field and carry the suppressive signal mate input to DS cells, like the overall excitatory input, is suppressed presynaptically by a circuit that is actitoward the DS cell to act at the release sites of the neurons providing inputs to the DS cell. This spatial arvated during null-direction movement. This suppressive 95531 (data not shown). Since both the acetylcholine and glutamate excitatory input currents lost their direc-50-300 m; n = 12, one additional cell showed no expansion). The expansion was eliminated with curare, intional selectivity in the presence of GABA A antagonists, our results suggest that the null-direction suppressions dicating that it was mediated by acetylcholine (n = 7). This suggests that a cholinergic pathway from starburst that shape these inputs are mediated by synaptic pathways that culminate at GABA A receptors. to DS cells exists, which has the potential to expand the spatial extent of the excitatory receptive field of the DS cell, but that this pathway is normally blocked by Starburst Cell Potentials Are Not Affected by GABA Antagonists GABA-mediated inhibition. We saw the unmasked cholinergic input in both the ON system (where we did not How does GABA suppress the release of acetylcholine from starburst cells? It has been shown with radioacfind any cholinergic input under control conditions) and in the OFF system (where we did find cholinergic input, tive tracers that acetylcholine release from the whole retina increases in the presence of GABA A blockers but where it was spatially restricted to the size of the dendritic field of the DS cell). arises, at least in part, from starburst processes (Fried et al., 2002) . Excitatory glutamatergic input (black arrows in Figure 8 ) is confined to a region over the denDiscussion drites of the DS cell for both the ON and OFF systems and most likely represents direct bipolar cell input. DiOur goal in this study was to explore the retinal circuitry that underlies the formation of directional selectivity of rect excitatory cholinergic input (solid blue arrows in Figure 8A ) is also confined to a region over the denthe input currents to DS cells. We found that different spatially offset lateral inhibitory signals act presynapdrites, but exists only for the OFF system (see Figure  4A ). Synaptic pathways for excitatory cholinergic input ticly to the DS cell in opposite directions: one suppresses the excitatory input currents during null-direcfrom outside the DS dendritic field exist for both the ON and OFF systems, on both the preferred and null tion movement, the other suppresses the inhibitory input currents during preferred-direction movement.
sides (dashed blue arrows in Figure 8A ). For the moving bar stimuli used in our experiments, these cholinergic These pathways express a laterally offset suppression that is similar to the laterally offset postsynaptic inhibiinput pathways were silent in control conditions and 2 and 3 provide an explanation for the directionality of the input currents to the Curare Reduces Excitation for the OFF System, but Increases Inhibition for the ON System DS cell (Figure 1) . They suggest that preferred-direction movement elicits greater direct excitatory input to the Our pharmacological experiments allow us to re-evaluate an earlier finding of Kittila and Massey (1997). They DS cell because the excitatory input is suppressed during null-direction movement, and that null-direction showed that, in the presence of curare, ON and OFF spiking responses were each reduced by about half, movement elicits greater direct inhibitory input because inhibitory input is suppressed during preferred-direcsuggesting that about half the excitatory input to DS cells is mediated by acetylcholine in both the ON and tion movement.
We observed the suppression of the input currents OFF systems. Consistent with their findings, we found that curare reduced the excitatory inputs for the OFF for both ON and OFF responses (Figures 2 and 3) . Because the ON and OFF dendritic arbors of DS cells are system, but surprisingly, the excitatory inputs to the ON system were hardly affected by curare ( Figure 4A ). Indistinct, it is possible that four independent neural circuits in the inner retina mediate these suppressive sigstead, we found that the inhibitory input currents increased in the ON system ( Figure 5 ). nals. Preferred-direction movement would recruit two distinct amacrine cell populations-one population to
The reduction in preferred-direction spiking in curare by about one-half (Kittila and Massey, 1997) therefore suppress the release from neurons that deliver inhibitory input to the ON arbor of DS cells, the other popuseems to be mediated by different mechanisms in the ON and OFF systems: in the OFF system, curare relation to suppress inhibitory input to the OFF arbor. Similarly, for null-direction movement, two different duces the excitatory input ( Figure 4A ), while its effect in the ON system is an increase in inhibition (Figure 5 ), populations of amacrine cells would suppress the excitatory input to the ON and OFF arbors. Therefore, dipresumably by blocking a cholinergic suppression of inhibition. This increase in inhibition might be responsirectional selectivity of the excitatory and inhibitory inputs arises, at least in part, from the activity of four ble for the reduction of ON spiking, although the increase in inhibition seems to occur relatively late in the different and specific retinal synaptic circuits. Figure 8A ). However, we found adure 5B). ditional pathways for excitatory cholinergic input to DS cells from outside its dendritic field for both the ON and OFF systems (dashed blue arrows in Figure 8A ). These Spatially Offset Inhibition Is Implemented at Three Levels of Processing pathways are normally held inactive by GABA ( Figure  6 ). It is curious that stimulation lateral to the DS denOur findings reveal a general organizational principle underlying the directionally selective circuitry. Redritic field normally does not generate excitatory input in a DS cell, even though such a stimulus presumably sponses are shaped by spatially offset inhibitory signals at three hierarchical levels of processing-two preactivates some of the same starburst cells that supply cholinergic OFF excitation during stimulation inside the synaptic to the DS cell (where the inhibitory signals shape the excitatory and inhibitory input currents to the dendritic field. It is possible that all "silent" cholinergic pathways may be activated by more complex stimuli DS cell) and one at the dendrites of the DS cell itself. the presence of strongly rectifying potassium channels (Kv3 channels) at the cell body and proximal dendrites tions in the presence of cholinergic receptor antagonists, indicating that the expansion is mediated by of starburst cells. These channels could suppress signal transmission from the dendritic tips to the soma of cholinergic activity from starburst cells. From our experiments, we cannot infer the circuitry or mechanism starburst cells. As a result, local GABAergic input could suppress activity in one starburst process without afby which GABA gates the cholinergic excitatory input to DS cells, although GABA appears to act directly at fecting activity in other processes of the same cell. The localized effect of GABA raises the possibility of the release sites for acetylcholine in the starburst amacrine cells (Figure 7) . an additional antagonistic mechanism underlying directional selectivity: since starburst processes receive GABAergic input, and also release GABA, neighboring Acetylcholine Shapes the Inhibitory Synaptic Inputs starburst cells might be mutually inhibitory. This addiSurprisingly, acetylcholine, normally an excitatory neutional form of GABAergic lateral interaction could enrotransmitter, plays a role in shaping the inhibitory synhance the directional selectivity of these processes. aptic inputs to DS cells. In the presence of curare, the peak inhibitory inputs to DS cells became similar for 
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